Transcranial magnetic stimulation (TMS) has potential to treat various neurological disorders noninvasively and safely. There has been significant work on coil designs for use on the human brain; however, there are fewer reports on the coil design for small animal brains, such as mice. Such work is essential to validate TMS treatment procedures on animals prior to clinical trials. We report thermal and mechanical analysis of a new small-animal coil system designed to produce focused electric fields resulting in more selective deep-brain stimulation. Thermal and magnetic force analyses conducted at experimental TMS operating conditions are used to determine the mechanical stability of the new coil system. Low magnetic linear attraction and rotational forces suggest mechanical stability of the coil. Small temperature increase over a simulated 60 s TMS therapy session indicates that the coil system operates within safe temperature limits. This coil configuration can be used on mice to stimulate selective regions of the brain to study various neurological disorders, such as Parkinson's disease.
I. INTRODUCTION
T RANSCRANIAL magnetic stimulation (TMS) offers promising non-invasive, surgery-free medical treatment of neurological ailments, such as depression, Parkinson's disease, or post-traumatic stress disorder, several of these conditions originating from irregular neurological activity from deep regions of the brain [1] , [2] . Existing TMS coils are limited by nonfocal electric field profiles and rapid electric field profile strength attenuation within a few centimeters of the brain's surface [3] , thus inhibiting the treatment of deepbrain conditions. In several human coil designs, focality is a tradeoff for field strength [4] .
The United States Food and Drug Administration (FDA) approved TMS therapy to treat depression after successful human trials, without animal safety data. This has led many to question the ethics and necessity for animal trials at all to test TMS therapy [1] . This apparent success was attained by reduced levels in accidental seizures to an accepted level; however, depression has been linked to the amygdala, thalamus, and hippocampus regions of the brain, all of which are far below the brain surface (therefore outside the existing efficacy zone for human coils) [5] , [6] . As a result, many TMS clinicians use their coils at suboptimal levels because complete knowledge of the neurological science behind TMS has still not been tested [1] . A lack of suitable nonhuman models has limited the study of TMSs efficacy and possibility for widespread adoption as a standard neurological treatment procedure. Furthermore, new ailments cannot be treated with TMS coils without successfully conducting animal trials and receiving FDA clearance.
Mice provide a suitable, nonhuman model to test TMS efficacy due to the extensive medical documentation. March et al. [7] explored a new small-animal coil design for mice. The new design showed strong, focused electric field profiles inside a heterogeneous MRI derived model of a mouse brain after optimizing coil geometry through focality analysis technique developed in [8] and electric field profile strength. A progression of final design iterations is shown in Fig. 1 . Further work, however, is needed to validate the new coil design in view of physical concerns, such as strong magnetic forces between TMS coils placed in close proximity to each other resulting in large torques and high internal stress. George and Belmaker [3] estimate the magnetic torque experienced by a TMS coil when used in combination with an MRI generating a 1.5 T magnetic field to be 60 Nm. Crowther et al. [9] , [10] observed mechanical stress values as high as 2.8 × 10 9 Nm −3 inside the coils which can potential produce cracks in the coil.
Furthermore, the high currents used for TMS therapy could produce dangerous levels of Joule heating that could injure an animal by overheating. Several coil systems incorporate active cooling to regulate coil thermal output. Thermal evaluation of existing neurological treatments is limited to electrode implants [4] . We have developed thermal analysis technique that tests the stability and engineering limits of TMS coil design.
The high current, high magnetic fields, and small dimensions create physical concerns that can lead to mechanical and thermal instabilities. Cohen and Cuffin [11] suggest heat and mechanical concerns cannot be easily surmounted, resulting in a lack of miniaturized mouse coil design and characterization. In this paper, we consider unexplored thermal and mechanical responses of miniaturized animal coils by analyzing our new coil system. Force and thermal evaluations were performed under the anticipated TMS operating conditions to identify and mitigate potential design problems and safety concerns.
II. COIL AND HELMET SYSTEM
The coil design considered is composed of several circular copper wire loops with wire cross section of 0.8 × 5 mm.
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See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. The design is separated into two coil groupings, a horizontal and vertical coil, as shown in Fig. 2 . Both coils have ten turns with outer radii 37. 2 and 31.2 mm for the horizontal and vertical coil, respectively, and are separated by 3 mm [7] . To obtain the necessary magnetic field and resulting electric field to induce TMS therapy, coils are pulsed with a 2.5 kHz sinusoidal current pulse train with an amplitude of 5000 A from Magstim Company Ltd. Stimulators. It is established that these parameters are needed to depolarize neurons in the mammalian brain and alter the brain functions safely [12] . Coils designed for small animals require precise coil placement to deliver specific electric and magnetic field profiles in the animal's brain. Existing coil designs are limited in conducting consistent mouse experiments because of the inability to restrain mice sufficiently without anesthesia. The efficacy of TMS cannot be appropriately assessed without generating consistent and reproducible electric and magnetic field profiles. Current methods for restraint include manually holding a mouse both with [13] and without addition restraining tools, such as placing the mouse a transparent cylinder where it is still relatively free to move [14] . Furthermore, existing smallanimal coils are too large for testing on mice and consequently stimulate the entire body rather than part of the brain [15] .
The authors designed a helmet system (Fig. 2) made of glass-ceramic that complements both the physiology of the mouse and the exact positioning of the coils needed to deliver a focused electric and magnetic field into the brain. The mouse considered here is OF1 type mouse whose typical dimensions are total length of 95 mm [16] , head length of 20 mm, and maximum head diameter of 12 mm. The helmet features the ability to rotate, allowing for electric field profile adjustment within the brain, and foam near the mouse's head to secure the mouse position relative to the coils. The addition of the helmet promises consistency of small-animal TMS testing; however, the coil system also introduces new physical design considerations, such as thermal response and magnetic force response.
III. MAGNETIC FORCE RESPONSE
COMSOLs ac/dc module was used for magnetic force simulations. DC current of 5000 A was simulated to evaluate the maximum forces anticipated on the coil system. The directions of the currents through the vertical and horizontal coil are parallel at the 90 • junction where the coils are closest. Any forces experienced by the coils will directly transfer to the insulation and the helmet, thus the helmet and insulation will hold the coils in place from magnetic forces. The helmet is made of glass-ceramic mica with high mechanical tolerances of 93.1 GPa flexural strength, 276 MPa compressive strength, and 79.3 GPa modulus of elasticity that are significantly higher than the largest forces produced by the coils [17] .
Two forces are considered in this paper: linear and rotational magnetic forces. Fig. 3 shows the internal Lorentz force density where the horizontal and vertical coils are closest. A maximum force density value of 4.18 × 10 7 Nm −3 is observed, which is approximately two orders of magnitude lower than the stress reported in [9] that can potentially cause coil cracking in human coil system.
Both the linear and rotational forces are calculated using (1). This is a generalized expression for the force in the i -direction, where i indicates either the x-, y-, or z-directions. The net force given for any segment of coil wire is found by evaluating 
Linear attraction between the two coils was modeled by considering the upper and lower layers of the horizontal coil and the vertical coil as rigid structure segments, as shown in Fig. 4 . The evaluation of (1) was across the entire circumference of the three coil groupings. Rotational forces are modeled by dividing each coil into quarter loop segments, shown in Fig. 5 . Table I N (10.11 lbf) . This data suggest that the coil's mechanical integrity is not affected by linear attraction forces due to the magnetic field. Table II 35 N (1.43 lbf) . Unlike the horizontal coil, the vertical coil forces are axial rather than rotational. The strength of the magnetic rotational forces is too weak to cause significant stress to the coil system.
IV. THERMAL RESPONSE
High current delivered to the coil is expected to dramatically increase the coil temperature. General standard IEC 60601-1 [18] specifies vitreous electronic medical equipment must have a limited surface temperature of 48°C. Furthermore, continuous temperature above 150°C will cause auto-oxidation that degrades the polyurethane insulation that Magstim uses to encase the copper coils [19] . The incompressible Navier-Stokes heat equation from the COMSOL heat transfer module, was used to model the thermal changes in the coil system under TMS therapy conditions
where ρ is the fluid density, C p is the fluid heat capacity, T is the temperature, u is the velocity field of the fluid (assumed to be zero), k is the thermal diffusivity of the material, and Q is external source heating. In the simulation model, the material types used are a solid copper coil encased in a solid insulating layer of polyurethane. The helmet is made of glass-ceramic mica. Both the helmet and the coil are surrounded by air. Convection surface boundary conditions are modeled on all surfaces of the helmet and coil. At t = 0, all materials and surrounding air are set to 20°C. Material parameters used during thermal simulations are given in Table III . Segment of current signal pulse train approximation i(t). The frequency of the pulse is 2.5 kHz with a 100 ms period and 0.4% duty cycle.
The Q used during simulation was determined from the anticipated heat produced by the coil given an estimated sinusoidal current pulse and geometry of the coils. All coils share a total length of 1.987 m of copper with a 5 mm × 0.8 mm cross section. Assuming a constant resistivity for copper of 1.68 × 10 −8 m over the anticipated temperature range [20] , the resistance of the system is approximately 7.89 × 10 −3 . A single pulse of current from the stimulators may be approximated as a sinusoidal pulse
where i (t) is the current, A is the signal amplitude of 5000 A, f is the frequency of 2.5 kHz, and t is time. Fig. 7 describes the approximated signal used during simulations. The power generated by the coil is
where P(t) is the power and R is the resistance of 7.89 × 10 −3 . Energy dissipated Q for each pulse is determined from (5) by integrating over the 0.4 ms active component of the signal
An estimated 78.9 J of heat is generated from each pulse. To verify the authors' expectations of the simulation model an estimation of the temperature change in the coils was performed. Given the specific heat of copper c to be 0.386 Jg −1 K −1 and the coil mass m is found from an assumed density of copper of 8.94 g cm −3 , the temperature change T in Q is found to be 1.5°C per pulse, as determined from
Upon simulation, the observed temperature change in the coil was nearly identical to the predicted 1.5°C temperature change.
A multislice view and surface temperatures for a 60 s duration of pulse are given in Fig. 6 . The minimum temperature is 21.9°C in Fig. 6 (left) and 21.5°C in Fig. 6 (right) . The baseline temperature used in the left and right part of the image is 10°C and 20°C, respectively. The maximum temperature observed from the multislice view at the boundary between the coils and the polyurethane is 48.85°C. This is well below the 150°C polyurethane thermal limitation. The surface temperature is highest on the inner edge of the vertical coil, between 40°C and 45°C. This is below the 48°C IEC requirement and does not require the use of active cooling. We anticipate the addition of active cooling would keep the coil system temperature well below the 48°C threshold. Both surface and multislice simulations indicate the coil design developed is thermally stable for small-animal TMS therapy administration. Future work will characterize the exact thermal response of the coil.
V. CONCLUSION
TMS offers a method to treat neurological disorders noninvasively; however, limited human and animal trials leave the efficacy of TMS still relatively unexplored. The design proposed in this paper provides a robust platform through which to conduct animal trials. This paper successfully investigated the mechanical and thermal stability of a proposed novel coil design. We successfully demonstrated that the design meets physical constraints caused by magnetic linear attraction and rotational forces, and temperature increases during TMS therapy when simulated with a high degree of physical accuracy.
